(NRG1) is a potential therapeutic agent for the treatment of doxorubicin (Dox)-induced heart failure. NRG1, however, activates the erbB2 receptor, which is frequently overexpressed in breast cancers. It is, therefore, important to understand how NRG1, via erbB2, protects the heart against Dox cardiotoxicity. Here, we studied NRG1-erbB2 signaling in Dox-treated mice hearts and in isolated neonatal rat ventricular myocytes (NRVM). Male C57BL/6 mice were treated with recombinant NRG1 before and daily after a single dose of Dox. Cardiac function was determined by catheterization. Two-week survival was analyzed by the Kaplan-Meier method. Cardiac troponins [cardiac troponin I (cTnI) and cardiac troponin T (cTnT)] and phosphorylated Akt protein levels were determined in mice hearts and in NRVM by Western blot analysis. Activation of caspases and ubiquitinylation of troponins were determined in NRVM by caspase assay and immunoprecipitation. NRG1 significantly improved survival and cardiac function in Dox-treated mice. NRG1 reduced the decrease in cTnI, cTnT, and cardiac troponin C (cTnC) and maintained Akt phosphorylation in Dox-treated mice hearts. NRG1 reduced the decrease in cTnI and cTnT mRNA and proteins in Dox-treated NRVM. Inhibition of erbB2, phosphoinositide 3-kinase (PI3K), Akt, and mTOR blocked the protective effects of NRG1 on cTnI and cTnT in NRVM. NRG1 significantly reduced Dox-induced caspase activation, which degraded troponins, in NRVM. NRG1 reduced Doxinduced proteasome degradation of cTnI. NRG1 attenuates Dox-induced decrease in cardiac troponins by increasing transcription and translation and by inhibiting caspase activation and proteasome degradation of troponin proteins. NRG1 maintains cardiac troponins by the erbB2-PI3K pathway, which may lessen Dox-induced cardiac dysfunction.
NEUREGULIN-1 (NRG1)-ErbB2 signaling is essential for cardiac development and maintaining adult cardiac function (26, 29) . ErbB2 was initially detected as an oncogenic variant that was overexpressed in several tumor types (15) . Trastuzumab, a humanized monoclonal antibody that binds to and blocks erbB2, significantly reduces recurrence and early mortality in patients with breast cancer who overexpress erbB2 (27, 34) . A significant increase in congestive heart failure was reported, however, when the anti-erbB2 antibody trastuzumab was used in combination with the chemotherapy drug doxorubicin (Dox) (34) . Thus inhibition of erbB2 signaling in patients who receive concurrent therapy with Dox causes an increased risk of cardiotoxicity. We hypothesized, accordingly, that activation of erbB2 signaling by NRG1 may mitigate cardiac dysfunction.
Multiple isoforms of NRG1 are synthesized in the endocardium and the endothelium of cardiac vasculature (7, 20, 24) . NRG1 activates its receptors erbB2 and erbB4 on cardiomyocytes (11) . NRG1 promotes hypertrophy and proliferation of cardiomyocytes through activation of erbB2 and erbB4 and protects cardiomyocytes from apoptosis (20, 24, 38) . The soluble recombinant form of a human NRG1 [recombinant human glial growth factor 2 (rhGGF2)] fostered growth and survival of cultured rat ventricular myocytes (38) . Administration of recombinant NRG1 improved cardiac function and survival in heart failure (23) .
Dox-induced cardiac damage is primarily associated with severe myocyte disarray and myofibrillar protein degradation (3, 16, 19, 21, 33) . Dox decreases the expression of myofibrillar genes and cardiac-specific transcriptional factors (1, 16) . NRG1 reduced Dox-induced myofibrillar disarray in cultured cardiomyocytes (33) . However, little is known whether NRG1 prevents Dox-induced myofibrillar loss and preserves cardiac function in intact animals. Therefore, we studied the cardiac effects of recombinant NRG1 on Dox toxicity and myofibrillar loss in mice and isolated neonatal rat ventricular myocytes.
Whereas the cardiotoxicity in Dox-treated patients is observed clinically long after treatment (months to years), the cardiotoxicity in our rodent model is fairly acute (days). The mechanisms responsible in our preclinical model may be different than those occurring in patients, yet the expediency of the model and new observations may improve our understanding of the effects of NRG1 on Dox-induced cardiotoxicity.
METHODS
Animal model. Ten-to twelve-week-old male C57BL/6 mice (in total, n ϭ 189; Charles River Laboratory) were treated with a single dose of Dox (20 mg/kg ip; Bedford Laboratories, Bedford, OH). Selection of dose and route of administration was based on a previous study (28) .
NRG1 solvent containing 20 mM sodium acetate, 100 mM sodium sulfate, 1% mannitol, and 100 mM L-arginine (pH 6.5) (in total, n ϭ 79) or recombinant human NRG1␤ (rhGGF2; 0.75 mg/kg sc; in total, n ϭ 80; a gift from Acorda Therapeutics) was administered 1 day before and daily after Dox administration (Dox-NRG1). The timing and dosage of NRG1 administration was based on a previous study on the nervous system (5). They were also based on our preliminary study on a small cohort of Dox-NRG1-treated mice showing beneficial effects on survival and cardiac function. Solvent-treated mice were used as controls (in total, n ϭ 30).
All animal studies were in compliance with the Left ventricular function. Left ventricular (LV) function was measured in non-Dox-treated mice (n ϭ 6 -8) and in Dox-treated mice 5 days post treatment (n ϭ 8 to 9/group) by LV catheterization using Millar Mikro-Tip Blood Pressure System (ADInstruments, Colorado Springs, CO). In brief, a Millar Mikro-Tip catheter transducer was inserted into the LV via the right carotid artery after mice were anesthetized with urethane (1,000 mg/kg) and ␣-chloralose (50 mg/ kg). LV systolic and diastolic pressures were recorded. LV tissues were frozen in liquid nitrogen for further biochemical analyses.
Serum creatine kinase and cardiac troponin I and cardiac troponin T. The marker of muscle damage serum creatine kinase (CK) was analyzed in solvent-treated mice (n ϭ 5), NRG1 alone-treated mice (n ϭ 5), Dox-treated mice (n ϭ 6), and Dox-NRG1-treated mice (n ϭ 5) 4 days after Dox administration using a commercially available kit (Diagnostic Chemicals, Oxford, CT) (22) . Serum cTnI and cTnT was measured in solvent-treated mice (n ϭ 3), NRG1 alone-treated mice (n ϭ 3), Dox-treated mice (n ϭ 5), and Dox-NRG1-treated mice (n ϭ 5) 3 days after Dox administration. Mice were euthanized, and serum samples were collected after excision of the heart. Serum cardiac troponin I (cTnI) and cardiac troponin T (cTnT) were determined by Western blot analysis using specific antibodies.
Neonatal rat ventricular myocyte culture. Neonatal rat ventricular myocyte cultures (NRVM) were isolated from 1-to 2-day-old Wistar rats (n ϭ 30 -50/experiment) as previously described (30) . In brief, rats were anesthetized by isoflurane inhalation followed by cervical dislocation, and ventricles were excised and minced, followed by serial digestions in Hank's solution containing 0.1% Trypsin and 20 U/ml DNase. Nonmyocytes were removed by differential plating for 1 h at 37°C, and myocytes were collected and plated at a density of 580 cell/mm 2 and cultured in MEM containing 5% FBS at 37°C. The medium was changed to MEM containing 0.1% BSA for 24 h before stimulation. rhGGF2 (20 -50 ng/ml) or equal amount of solvent was added 30 min before Dox (1 M) stimulation (38) . Inhibitors were added 1 h before rhGGF2 or solvent (4 to 5 plates/group from at least 3 independent experiments). Inhibitors include: Z-VAD [100 M; R&D Systems, (10, 14) Western blot analysis. Mice LV tissue (n ϭ 4 to 5 per group) and NRVM from each group was lysed in a buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 10 mM sodium pyrophosphate, 20 mM ␤-glycerophosphate, 10 mM Na3VO4, 1 mM NaF, 1 mM PMSF, and protease inhibitor cocktail tablet (Roche Diagnostics, Indianapolis, IN). LV tissue was homogenized by PowerGene homogenizer (Fisher Scientific, Pittsburgh, PA), and NRVM were homogenized using a 21-gauge needle. Proteins were quantified using Bradford Assay (Bio-Rad Laboratories, Hercules, CA). LV proteins (50 g) from controls (n ϭ 6), Dox (n ϭ 4), and Dox-NRG1-treated mice (n ϭ 4) and myocyte proteins (15 g) from controls, Dox, and Dox-NRG1-treated NRVM (n ϭ 4 to 5 plates/group from at least 3 independent experiments) were separated by SDS page and transferred to Whatman nitrocellulose membrane (pore size, 0.2 m; Fisher Scientific). Membranes were probed with antibodies against cardiac troponin I (GeneTex, San Antonio, TX), cardiac troponin T, cardiac troponin C, Tropomysin and ␣-sarcomeric actin, ubiquitin, COX IV and Tubulin (Abcam, Cambridge, MA), ␣-actinin (Sigma, St. Louis, MO), total erbB2 and erbB4 (Santa Cruz Biotechnology, Santa Cruz, CA), phosphorylated erbB2 (Tyr877), phosphorylated and total Akt (Ser473 or Thr308), ERK1/2 (Thr202/ Tyr204), mTOR (Ser2448), P70S6K (Thr421/Ser424), S6 (Ser240/ 244), 4E-BP (Thr37/46), EIF4G (Ser1108), and cytochrome c (Cell Signaling Technology, Danvers, MA).
Caspase assay. NRVM were collected 16 h after Dox treatment (n ϭ 5-8 of 100-mm plates). Cells were lysed in a buffer containing 50 mM HEPES (pH 7.4), 100 mM NaCl, 0. Cell viability measurement. NRVM were isolated and treated with solvent, Dox, or Dox-NRG1 as described. The suspended cells were collected, washed by PBS, and resuspended in culture media 24 h after the treatment. The attached cells were trypsinized, washed with PBS, and resuspended in culture media. The cells were combined and stained with 0.4% of trypan blue. Stained and nonstained cells were counted using a hemocytometer under the microscope. The percentage of viable cells was determined as the number of nonstained cells divided by the number of total cells ϫ 100.
Immunoprecipitation. NRVM (5-8 of 100-mm plates/group) were washed with ice-cold PBS and homogenized by a 21-gauge needle in a lysis buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 10 mM sodium pyrophosphate, 20 mM ␤-glycerophosphate, 10 mM Na 3VO4, 1 mM NaF, 1 mM PMSF, and protease inhibitor cocktail tablet (Roche Diagnostics). Cell lysates were centrifuged at 13,500 g for 15 min at 4°C. The supernatant was saved, and protein concentration was measured by the Bradford Assay. One milligram of protein from each group (control, Dox, and Dox-NRG1) was incubated with protein A/G beads (Thermo Fisher Scientific, Rockford, IL) for 2 h at 4°C and centrifuged at 800 g for 5 min at 4°C. The supernatant was incubated with anti-cTnI or anti-cTnT antibody (GeneTex) overnight and then with protein A/G beads for 2 h. Beads were washed and collected by centrifugation (800 g for 5 min at 4°C). Precipitated proteins were released and resuspended in 2ϫ SDS loading buffer and loaded on the SDS-gel. Equal loading of proteins were confirmed by probing the membrane with anti-cTnI (immunoprecipitation: cTnI) or anti-cTnT (immunoprecipitation: cTnT) antibody.
RT-PCR. RNA was extracted from NRVM (n ϭ 2 to 3 of 100-mm plates/group) using RNeasy Mini kit (Qiagen, Valencia, CA) and reverse transcribed to cDNA using QuantiTect Rev. Transcription Kit (Qiagen). cDNA was then quantified and amplified by PCR using specific primers for cTnI (forward, 5Ј-AAAAAGTCTAAGATCTC-CGCCTCCA-3Ј and reverse, 5Ј-GGTTTTCCTTCTCAATGTCCTC-CTT-3Ј), cTnT (forward, 5Ј-CGTAGAAGAGGTTGGTCCTGAT-GAA-3Ј and reverse, 5Ј-TGTACCCTCCAAAGTGCATCATGTT-3Ј), and 18S (Ambion, Austin, TX). cDNA was amplified by 28 cycles of PCR at 94°C for 1 min, 57°C for 45 s, and 72°C for 45 s.
In vitro caspase substrate assay. In vitro caspase substrate assay was performed as previously described (6) . In brief, recombinant human cTnI, cTnT, and cardiac troponin C (cTnC) (GenWay Biotech, San Diego, CA) were reconstituted in a complex (cTnI, cTnT, and cTnC in a ratio of 1:1:1.5) and were incubated with active recombinant caspase-2, caspase-3, caspase-5, caspase-6, caspase-9, or caspase-10 (Biovision, Mountain View, CA), with or without the the pan-caspase inhibitor Z-VAD-FMK (Biovision) in a buffer containing 50 mM HEPES (pH 7.4), 2 mM EDTA, 0.15% (wt/vol) CHAPS, 10% (wt/vol) sucrose, 5 mM DTT, and protease inhibitors at room temperature for 4 h. The reaction was stopped by the addition of Laemmli buffer. Samples were separated by SDS-polyacrylamide gel and followed by Western blot analysis using cTnI or cTnT antibodies.
Statistical analysis. Results are presented as means Ϯ SE. Statistical analysis was conducted using SigmaStat (Systat Software, San Jose, CA). Comparison between groups was performed by ANOVA followed by Tukey's test. Kaplan-Meier estimates of survival were computed using SAS for Windows v6.12 (SAS Institute, Cary, NC). Differences were considered significant with P Ͻ 0.05.
RESULTS
NRG1 improved survival of Dox-treated mice. Two-week survival was significantly reduced to 19% (n ϭ 11 of 58 mice survived) in Dox-treated mice compared with solvent-treated or NRG1-treated mice (n ϭ 20/group; P Ͻ 0.05). NRG1 significantly improved survival to 35% (n ϭ 21 of 60 mice survived; P Ͻ 0.05) compared with Dox-treated mice (Fig. 1A) . NRG1 alone did not alter survival rate in non-Dox-treated mice compared with solvent-treated mice.
NRG1 improved LV function in Dox-treated mice. We determined whether NRG1 alone altered cardiac function in non-Dox-treated mice. Mice were treated with either solvent or NRG1, and cardiac function was measured 30 days after treatment. There was no difference in cardiac function between solvent-treated and NRG1 alone-treated mice (Table 1) . Solvent-treated mice were used as controls in the subsequent experiments. Cardiac function was measured 5 days after Dox administration when survival declined in Dox-treated mice. Dox significantly reduced body weight, heart weight, and LV weight normalized to tibia length (HW/TL, LVW/TL). Dox-NRG1 treatment did not alleviate these effects of Dox. Dox significantly decreased heart rate (HR), LV systolic pressure (LVSP), maximal change in pressure over time (dP/dt max ), and minimal change in pressure over time (dP/dt min ), whereas these indexes were not significantly different between Dox-NRG1-treated mice and control mice (Table 2 ). HR and dP/dt min were significantly higher in Dox-NRG1-treated mice compared with Dox-treated mice.
CK and serum cTnI and cTnT. Serum CK was significantly increased in Dox-treated mice (P Ͻ 0.05) compared with control mice (solvent; NRG1 alone). Dox-NRG1 significantly reduced serum CK (P Ͻ 0.05) compared with Dox-treated mice (Fig. 1B) . We also determined the serum cTnI and cTnT in solvent-treated, NRG1 alone-treated, Dox-treated, and Dox-NRG1-treated mice. Serum cTnI was similar between solvent-treated and NRG1 alone-treated mice. There was a trend of reduction in serum cTnT Fig. 1 . A: survival analysis. Mice were administered a single dose of doxorubicin (Dox; 20 mg/kg ip) with and without cotreatment of neuregulin-1 (NRG1; 0.75 mg/kg sc) 1 day before and daily after Dox administration (Dox-NRG1). Two-week survival was analyzed by the Kaplan-Meier method. Survival was significantly reduced to ϳ19% in Dox-treated mice (n ϭ 58, 11 of 58 mice survived; P Ͻ 0.05) compared with solvent-treated or NRG1 alone-treated mice (n ϭ 20/group; P Ͻ 0.05). NRG1 significantly improved survival to ϳ35% (n ϭ 60, 21 of 60 mice survived; P Ͻ 0.05) compared with Dox-treated mice. B: serum creatine kinase (CK) levels. Serum CK levels were determined in solvent-treated (n ϭ 5), NRG1 alone-treated (NRG1, n ϭ 5), Dox-treated (n ϭ 6), and Dox-NRG1-treated (n ϭ 5) mice 4 days after Dox administration. Means are Ϯ SE. *P Ͻ 0.05 vs. controls; †P Ͻ 0.05 vs. Dox. C: serum cardiac troponin I (cTnI) and cardiac troponin T (cTnT). Serum cTnI and cTnT were measured in solvent-treated (n ϭ 3), NRG1 alone-treated (n ϭ 3), Dox-treated (n ϭ 4), and Dox-NRG1-treated (n ϭ 4) mice 3 days after Dox administration by Western blot analysis. *P Ͻ 0. Values are means Ϯ SE. NRG1, neuregulin-1; BW, body weight; LVW, left ventricular (LV) weight; HR, heart rate; LVSP, LV systolic pressure; LVEDP, LV end-diastolic pressure; dP/dtmax and dP/dtmin, maximal and minimal change in pressure over time, respectively. in NRG1 alone-treated mice versus solvent-treated mice. Serum cTnI was significantly increased in both Dox and Dox-NRG1 mice, but there was no difference between Dox and Dox-NRG1-treated mice. There was no difference in serum cTnT between Dox-treated and Dox-NRG1-treated mice (Fig. 1C) .
NRG1 attenuated the decrease in cardiac troponin proteins in Dox-treated mice hearts. Cardiac troponin I, cardiac troponin T, cardiac troponin C, ␣-sarcomeric actin, ␣-actinin, and tropomyosin were significantly reduced in Dox-treated mice compared with control mice heart tissue (P Ͻ 0.05). Daily dosing with NRG1 significantly attenuated the effects of Dox on cTnI, cTnT, and cTnC (P Ͻ 0.05; Fig. 1D ) but not on ␣-sarcomeric actin, ␣-actinin, and tropomyosin (data not shown). These data indicate that inhibition of the decrease of cardiac troponin proteins in the heart may contribute to the cardiac protective effects of NRG1.
The phosphoinositde 3-kinase (PI3K)-Akt pathway is the central regulator of the NRG-erbB signaling network (37).
NRG1 promotes survival and growth of cardiomyocytes by activating the PI3K-Akt pathway (2). We determined whether preservation of the proteins of the troponin complex by NRG1 was associated with an increased activation of cardiac phosphorylated Akt (Thr308) in mice. Dox significantly decreased phosphorylated Akt and total Akt (P Ͻ 0.05) compared with controls, whereas daily dosing with Dox-NRG1 significantly increased phosphorylated Akt (P Ͻ 0.05) compared with Dox-treated mice but did not increase total Akt in Dox-treated mice hearts (Fig. 1E) .
Taken together, these findings demonstrate that NRG1 improved survival and cardiac function, preserved cardiac troponin proteins, and activated the PI3K-Akt pathway in Doxtreated mice hearts.
NRG1 maintained mRNA and protein of cTnI and cTnT in Dox-treated NRVM. To further investigate mechanisms whereby NRG1 inhibited Dox-induced loss of cardiac troponin proteins, we performed studies in NRVM. We confirmed our findings of the effects of Dox-NRG1 on cardiac troponin cTnI and cTnT in NRVM using Western blot analysis. Dox decreased both protein ( Fig. 2A ) and mRNA levels (Fig. 2B ) of cTnI and cTnT. Dox-NRG1 abolished these effects.
NRG1 maintained translation of cTnI and cTnT in Doxtreated NRVM. We determined whether NRG1 maintained cTnI and cTnT protein levels by increasing translation of both troponin proteins. NRVM were treated with Dox and Dox-NRG1 in the presence of a translation inhibitor cycloheximide. Cycloheximide inhibited cTnI and cTnT proteins in Doxtreated NRVM. It also inhibited the effects of Dox-NRG1 on cTnI and cTnT, suggesting that Dox-NRG1 increased translation of these proteins (Fig. 3A) . We then determined the activation of the mTOR pathway, a major signaling pathway downstream of PI3K-Akt, which is important for protein translation (9) . Dox decreased the phosphorylation of multiple molecules in the mTOR pathway, including mTOR (Ser2448), P70S6K (Thr421/Ser424), S6 (Ser240/244), 4E-BP (Thr 37/ 46), and eIF4G (Ser1108), in NRVM (Fig. 3B1) . Dox-NRG1 maintained the phosphorylation of these mTOR pathway molecules (Fig. 3B1) . Inhibition of PI3K by LY294002 blocked the effects of Dox-NRG1 (Fig. 3B1) . LY294002 alone also decreased the phosphorylation of S6 and EIF4G in Dox-treated NRVM (Fig. 3B2) . These results indicate that NRG1 maintained the activation of the mTOR pathway via PI3K in Dox-treated cardiomyocytes, which may account for maintaining translation of cTnI and cTnT in Dox-treated NRVM.
NRG1 inhibited caspase activation in Dox-treated NRVM. Dox activates multiple caspases (13, 17, 36) . The existence and the activation of caspases, mainly intrinsic (caspase-3, -6, and -9) and extrinsic (caspase-8) pathways, in apoptosis have been reported in isolated cardiomyocytes and cardiac disease models (10, 14) .
To determine whether caspase activation is responsible for the decrease in cTnI and cTnT in Dox-treated cardiomyocytes, we used a pan-caspase inhibitor Z-VAD-FMK and inhibitors for the individual caspases. FMK, used as negative control, was included in each experiment to ensure the specificity of the results. Our findings showed that Z-VAD-FMK abolished the Dox-induced decrease in cTnI and cTnT (data not shown). Inhibitors of caspase-3, caspase-6, caspase-9 (intrinsic pathway), and caspase-13 (inflammatory) blocked the Dox-induced decrease in cTnI and cTnT (Fig. 4A) . The decrease in cTnI was also blocked by inhibitors of caspase-2 (DNA damage), caspase-5 (inflammatory), and caspase-10 (extrinsic pathway). Inhibitors of caspase-1, caspase-4 (inflammatory), caspase-8 (extrinsic), and caspase-12 (endoplasmic reticulum stress) did not block the Dox-induced decrease in cTnI and cTnT. FMK, used as a negative control, did not block the effects of Dox (data not shown).
In vitro caspase activation assay showed that Dox significantly increased the activation of caspases-3, -6, and -9, as well as caspases-2, -5, and -10. NRG1 significantly inhibited Doxinduced activation of these caspases (Fig. 4, B1 and B2 ). PI3K Fig. 4 . A: Dox-induced degradation of cTnI and/or cTnT in NRVM by specific caspases. NRVM were treated with Dox (1 M) in the presence of individual caspases inhibitors (10 M). The protein levels of cTnI and cTnT were determined 48 h after the Dox treatment by Western blot analysis. The Western blots are representative of at least 3 independent experiments. B: in vitro caspase activation assay in Dox-treated NRVM. B1: Caspase activation in Dox-treated NRVM. Cells were treated with Dox (1 M), Dox-NRG1 (20 ng/ml), and Dox-NRG1-LY294002 (LY). The activation of caspase-3, caspase-6, and caspase-9 was determined 16 h after Dox treatment by the caspase activation assay. The results were obtained from at least 3 independent experiments. B2: caspase activation in Dox-treated NRVM. Cells were treated with Dox (1 M), Dox-NRG1 (20 ng/ml), and Dox-NRG1-LY294002 (10 M). The activation of caspase-2, caspase-5, and caspase-10 was determined 16 h after Dox treatment by the caspase activation assay. The results were obtained from at least 3 independent experiments. *P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. Dox; ‡P Ͻ 0.05 vs. Dox-NRG1. C: in vitro caspase substrate assay. Recombinant human cTnI, cTnT, and cTnC proteins were reconstituted into a complex form and incubated with different caspases. The degradation of cTnI and cTnT were determined by Western blot. inhibitor LY294002 abolished these effects of NRG1 (Fig. 4,  B1 and B2) .
We used the in vitro caspase substrate assay to determine whether caspases directly cleave cTnI and cTnT. Incubation of caspases-3, -5, -6, or -10, but not caspases-2 or -9, with the cardiac troponin complex caused degradation of cTnT (Fig.  4C) . We did not find degradation of cTnI when the cardiac troponin complex was incubated with these caspases.
These results demonstrate that caspases may directly cause degradation of cTnT protein but may also indirectly cause degradation of cTnI protein. These results also demonstrate that NRG1 inhibited the activation of these caspases via PI3K, which may contribute to the beneficial effects of NRG1 on cTnI and cTnT in Dox-treated NRVM.
NRG1 inhibited proteasome degradation of cTnI in Doxtreated NRVM. Our result showed that the decrease in cTnI, but not cTnT, by Dox was blocked by the proteasome inhibitor MG-132 (Fig. 5A) , suggesting that proteasome degradation was involved in Dox-induced decrease of cTnI, but not cTnT. We further determined the effects of Dox and Dox-NRG1 on ubiquitinylation of cTnI and cTnT. We found that Dox increased the ubiquitinylation of cTnI. Dox-NRG1 abolished the effects of Dox (Fig. 5B) . On the other hand, Dox did not increase the ubiquitinylation of cTnT (Fig. 5B) .
NRG1 increased NRVM viability. We determined whether NRG1 increased the cell viability in Dox-treated NRVM by using typan blue staining. Seventy percent of cells were viable in solvent-treated NRVM (1.6 ϫ 10 6 out of 2.3 ϫ 10 6 of cells). Fourty-seven percent of cells were viable in Dox-treated NRVM (8.0 ϫ 10 5 out of 1.7 ϫ 10 6 of cells). Fifty-six percent of cells were viable in Dox-NRG1-treated NRVM (1.4 ϫ 10 6 out of 2.5 ϫ 10 6 cells). NRG1 maintained cTnI and cTnT by the ErbB2 and PI3K-Akt pathway in Dox-treated NRVM. Blockade of the erbB2 receptor impaired cardiac function in chemotherapy-treated patients, suggesting the activation of the erbB2 receptor is important for protecting the heart from chemotherapy-induced cardiotoxicity (34) . Here, we studied whether erbB2 receptor activation is required for Dox-NRG1 to maintain cTnI and cTnT levels in NRVM. Inhibition of erbB2 by the tyrosine kinase inhibitor tyrphostin AG879 or by an anti-erbB2 antibody (clone 9G6) abolished the protective effects of Dox-NRG1 on cTnI and cTnT (Fig. 6A) , whereas inhibition of the erbB4 receptor by tyrphostin AG1478 had no effects on cTnI and cTnT (Fig. 6A) . Moreover, inhibitors of PI3K, Akt, and mTOR blocked the effects of Dox-NRG1 on cTnI and cTnT (Fig. 6B) .
These data indicate that the erbB2 receptor and the PI3K-Akt pathway are essential for NRG1 to maintain cTnI and cTnT protein levels in NRVM.
DISCUSSION
We studied Dox cardiotoxicity in mouse hearts and in isolated NRVM and identified cardiac troponins that are preserved by NRG1 in Dox-injured hearts. Our findings in mouse hearts showed that NRG1 improved survival and inhibited Dox-induced cardiotoxicity. We further showed that NRG1 mitigated Dox-induced decrease in cardiac troponin proteins in mouse hearts. Our study in NRVM codified the findings in mice and further demonstrated that NRG1, via the erbB2-PI3K pathway, initiated multiple mechanisms to maintain troponin proteins in Dox-treated cardiomyocytes. These mechanisms include an increase in transcription and translation and a decrease in caspase activation and proteasome degradation of troponin proteins. Whereas the cardiotoxicity in Dox-treated patients is observed clinically long after treatment (months to years), the cardiotoxicity in our rodent model is fairly acute (days). The mechanisms responsible in our preclinical model may be different than those occurring in patients, yet the expediency of the model and new observations may provide important clues regarding cardioprotective mechanisms of NRG1 against Dox-induced cardiotoxicity.
Troponin is a thin filament-associated complex that regulates the formation of actin-myosin cross-bridges during the contraction-relaxation process in the heart (39). Releases of cardiac troponins (cTnI and cTnT) are sensitive and specific markers of myocardial injury (31, 35) .
NRG1 activates oncogene erbB2 (11, 37) , and it is, therefore, important to determine the mechanisms by which NRG1 protects the heart against chemotherapy-induced cardiotoxicity via erbB2. This may be of clinical relevance especially in patients treated with chemotherapy and erbB receptor antagonists (25) .
Loss of myofibrillar proteins (troponin I and troponin T) is considered as one of the major causes of the Dox-induced decrease in cardiac contractile function (16) .
Whether and how NRG1 prevents the loss of myofibrillar proteins, however, have not yet been studied.
NRG1 did not reduce Dox-induced release of cTnI into the serum but did maintain troponin cTnI and cTnT in the cardiac myocardium. NRG1 improved cardiac function in Dox-injured hearts. These results suggested to us that the maintenance of troponin in the heart by NRG1 may not be attributed to inhibition of troponin release, prompting us to conduct multiple assays to determine the mechanisms.
Our study shows that NRG1 maintained troponin protein levels in the myocardium by increasing the synthesis of cTnI and cTnT. The mRNA levels of cTnI and cTnT were decreased by Dox but preserved by Dox-NRG1 in NRVM. NRG1 maintained cTnI and cTnT translation. The translation inhibitor cycloheximide blocked translation of cTnI and cTnT proteins in Dox-treated and also in Dox-NRG1-treated NRVM. Activation of the mTOR pathway, which is important for translation of proteins, was decreased by Dox but preserved by Dox-NRG1 in NRVM. The mTOR inhibitor rapamycin inhibited the effect of NRG1 on maintaining cTnI and cTnT proteins in Dox-NRG1-treated NRVM.
Taken together, these findings indicate that NRG1 may maintain cTnI and cTnT by increasing their transcription and translation.
Our findings showed that NRG1 blocked Dox-induced degradation of troponin proteins in NRVM. Our results support other studies, which have shown that caspases are involved in the degradation of cardiac troponins (4, 6, 18, 32) . Furthermore, we identified several caspases that were directly responsible for degradation of cTnT and indirectly for degradation of cTnI in NRVM (Fig. 4, A and C) .
Our findings provided links between activation of specific caspases and their downstream myofilament targets. We showed that NRG1 inhibited the activation of these caspases. Caspases play an important role in inducing apoptotic cell death. We measured the percentage of viable cells in controls, Dox-treated, and Dox-NRG1-treated NRVM by trypan blue staining to determine whether NRG1 preserved troponin proteins by inhibiting cell death. We found that the percentage of viable cells increased ϳ20% in Dox-NRG1-treated NRVM (56% viable cells) versus Dox-treated NRVM (47% viable cells). Yet cTnI and cTnT proteins increased ϳ250% and ϳ350% in Dox-NRG1 versus Dox-treated NRVM, respectively ( Fig. 2A) , indicating that inhibition of cell death by NRG1 played a limited role in preserving troponin proteins in NRVM. Our results also showed that Dox increased ubiquitinylation and proteasome degradation of cTnI, but not cTnT. NRG1 inhibited this effect of Dox.
In conclusion, we found that NRG1 appears to be effective in attenuating Dox-induced cardiac dysfunction in mouse hearts. NRG1 maintains cTnI and cTnT through activation of the erbB2 receptor. Our study further indicates that the PI3K-Akt-mTOR pathway is involved in preserving cardiac troponin proteins in Dox-injured isolated ventricular myocytes. These data suggest that NRG1 may be clinically useful to lessen cardiac dysfunction in patients treated with Dox.
